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ABSTRACT
This report documents an investigation of the performance of quasi-
steady MPD thrusters at high power levels. An axisymmetric configura-
tion is used for the MPD thruster, with various cathode and anode sizes,
over a wide range of experimental conditions. Thrust is determined from
impulse measurements with well known current waveforms, while instan-
taneous measurements are made for all other variables: mass flow rate,
current and voltage. It is demonstrated that, under well defined conditions,
the thrust produced has a predominantly self magnetic origin, and the ex-
perimental results are in good agreement with analytical predictions. It
is found that the self magnetic thrust is directly proportional to the square
of the current, the proportionality constant depending only on the ratio of
anode and cathode radii.
As a check on the validity of the thrust performance measurements,
exhaust jet velocities are measured using doppler shift techniques, and
calorimetric determinations of the power lost to the electrodes are made.
These measurements also aid in the understanding of MPD thruster perfor-
mance under conditions where aerodynamic contributions to the thrust,
or electrode erosion are important.
The complete set of impulse measurement data is presented in the
Appendix, so as to be useful for extracting additional information, and
comparison with other studies.
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I. INTRODUCTION
The general objective of the work reported here is to evaluate the
performance of a pulsed quasi-steady MPD thruster and its associated
subsystems. The present program (Contract No. NAS1-10813) is a con-
tinuation of the previous program (Contract No. NAS1-9939) with an
expanded scope of work. Particularly, the following points are empha-
sized in the present program:
(1) Direct measurements of MPD thruster impulse bits by
utilizing the Avco inertial table.
(2) Measurements of the current and voltage waveforms of
the MPD power tube.
(3) Determination of the amplitude and duration of the pro-
pellant pulses.
(4) Study of the effects of the size, pressure and mechani-
cal and electrical parameters of the gas feed valve sub-
system on the amplitude, duration and reproducibility
of the propellant pulse.
(5) Estimates on the life expectancy of the gas feed valve.
(6) Determination of the thruster performance based on the
results of the above measurements.
(7) Check on the validity of the performance measurements
by a comparison with the velocity field measurements.
(8) Calorimetric measurements of electrode losses as a
function of MPD current and power input at various
propellant flow rates.
The experimental studies were performed successfully with respect to
these objectives. The range of parameters covered in the tests was:
pulse duration of the order of 1 millisecond
pulse current 5 to 50 kiloamps
pulse flow rate 0.1 to 100 gm/sec
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propellant Argon, Helium, Neon, Krypton,
Xenon, Nitrogen and Freon 14
MPD configuration anode to cathode radii ratio, 2 to 10
The selection of MPD configurations and conditions was coordinated with
the suggestions and recommendations of the MPD group of Princeton
University. Relevant information exchange meetings were also held
with the Princeton technical personnel during which many important
technical problems were brought out for open discussion. While the
work at Princeton is concentrated in the arc diagnostics and the plasma
characteristics Study, Avco's effort was directed towards the acquisi-
tion of some practical information. To collaborate with this, the opti-
mization of the MPD thruster system in conjunction with a specified
space mission application was studied and some of its major findings
are presented in Section IX of this report. It points out a way for future
MPD thruster system design.
For completeness, much of the information previously presented in
the Monthly Reports is reproduced in this Final Report. However, the
discussions are given in full detail here, and the review of data is more
comprehensive. The new material which is added to this Final Report
includes conclusions from the calorimetric study of electrode losses,
study of propellant feed subsystem, and recommendations for the future
study.
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II. MPD THRUSTER SYSTEM
A. Thruster Configuration
A MPD thruster relies on electromagnetic forces to accelerate pro-
pellant. This is in contrast to other auxiliary electric propulsion systems,
such as ion or colloid thrusters, which are electrostatically accelerated
devices.
In some occasions, the electromagnetically accelerated thruster is
further subdivided between the magnetoplasmadynamic (MPD) arc thrusters
and the pulsed plasma thrusters; but with the development of the short-
pulsed MPD thrusters, the distinction between these two sub-groups be-
come diminishingly small.
Both the MPD thruster and the pulsed plasma thruster have evolved
through experiments that incorporate arc jet technology and magneto-
gasdynamics channel flow. Both of these thrusters utilize a hot ionized
gas as a propellant which is accelerated electromagnetically. The difference
between them may exist in the historical development of the propellant feed
system where the MPD thrusters basically apply gas feed valve and the
pulsed plasma thrusters use either liquid or solid propellant feed system.
The thrusters employed in this program have a configuration quite
similar to those employed in recent studies of high-power, quasi-steady
MPD accelerators. This is desirable to relate our work with the various
studies and diagnostics, documented in References 1 to 3. A schematic
presentation of a typical thruster is given in Figure 1.
The copper anode plate has, in all cases, an outside diameter about
8 in. , but the more relevant size of the anode orifice is varied (2r/^: 4,
3 and 2 in. ). The thoriated tungsten cathode rod has been also made in three
different diameters (Zr^ — 1/2, 3/4 and 5/4 in.). Thus, several combina-
tions are possible for the ratio ( rA/ rc)» which is important from the per-
formance point of view. The dismantled anodes and cathodes are shown in
Figures 2 and 3.
The plenum in Figure 1 has a diameter about 1/2 in. larger than the
anode orifice and is lined with a quartz cylindrical insulator about 2 mm
thick. The depth of the plenum, although generally adjustable at will, is
usually one-half of the plenum diameter. Further insulation in the plenum
is provided by the boron nitride backplate which holds the cathode rod. This
plate, about 1/4" thick, has a variable number of holes drilled symmetri-
cally at any desirable radial distance from the axis as shown in Figure 4.
Thus, various gas injection schemes may be accommodated.
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Pig. 2 - Three copper,, (1/4 in. thick), anode plates with
8 in. OD. The three different ID are 2, 3 and
4 in.
Pig. 3 - Three thoriated tungsten cathodes, 1 in. long
with diameters 1/2, 3/4 and 5/4 in.
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A short drum, not shown in Figure 1, about 1/2 in. deep is situ-
ated behind the end plate of the plenum. This drum accepts the gas
pulse from a pulsed valve and provides a uniform pressure behind the
holes of the backplate. This arrangement is empirically optimized so that
the gas pulse, reaching the interelectrode gap, rises to a steady value as
sharply as possible.
Figure 5 is a view of a disassembled thruster showing the internal
construction, and Figures 6 to 9 show various views of the standard
thruster configuration. Our investigation of the thruster characteris-
tics included studying the effect of a physical nozzle, Figure 10, and a
set of impulse bit measurements using a thrust killer, Figure 11.
In order to determine the electrode losses, a thruster was modified
to allow water cooling of the anode and cathode so that with a known water
flow rate measurement of the temperature rise gives the average power
dissipated in the anode and cathode.
B. Energy Storage and Power Processing
To provide the MPD thruster with repetitively pulsed quasi-steady
operation at high-power, a special power supply system is designed,,
As shown in Figure 12, it consists of a standard voltage feed pulse form-
ing network, an impedance matching transformer, a high voltage power
supply, and a high voltage switch.
Once the desired thruster power and pulse length are determined,
the design of the pulse forming network and impedance matching trans-
former is straightforward. The voltage at which the pulse energy is
stored is determined mainly by capacitor weight/life considerations.
The P. F. N. inductance, Ln= LI ^ L^Ls*!^; and capacitance ^^
are given by L = f Zn/2 and C = T /2Z , where T is the pulse length and
Z is the characteristic impedance of the P. F.N. which in the present case
has a value of 173 milliohms. Since the MPD impedance is in the range of
3-10 milliohms, a pulse transformer is required for impedance matching.
This arrangement of Figure 12 is used in the calorimetric measurements
of the electrode losses and in the Doppler velocity measurements. For a
complete description of this system, reference must be made to the last
year's Final Report. *
The power processing system described above provides a high pulse
repetition rate at a high average input power. However, the volume and
the weight of the system is too large to. allow the accommodation within
the impulse measuring device. Therefore, a different pulse forming
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Pig. 4 - Three additional gas injection schemes. Prom
left to right: uniformly distributed injection,
rim injection and injection near the cathode tip
perimeter.
Pig. 5 - Side view of parts of a disassembled MPD. Prom
Left to right: anode plate attached to plenum
case, quartz plenum, cathode tip attached to
boron nitride backplate, and cathode holder.
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Fig. 6 - Side view of assembled MPD. Prom left to right:
anode plate, plenum case, end plate, pulsed valve
and little reservoir tank.
Fig. 7 - Head on view of assembled MPD. (Anode orifice:
4 in., cathode tip: 3/4 in.) Twenty-four, 1/4
in. holes for gas injection are drilled on the
boron-nitride backplate at an average radius of
1 in. from the center.
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Pig. 8 - View of assembled MPD at an angle.
Pig. 9 - Two extreme anode-cathode combinations.
Left: 2 in. anode with 5/4 in. cathode.
Right: 4 in. anode with 1/2 in. cathode,
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Pig. 10 - Side view' of assembled MPD with anode nozzle
attached, (about 3 in. throat, 4 in. long,
6 in. exit diameter).
Pig. 11 - Side view of assembled MPD with thrust killer
attached, (about 4 in. ID, 8 in. long).
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network, with a characteristic impedance of 7 milliohms , is designed for
the thruster system in the impulse measurements. In Figures 13, the total
P. F. N. capacitance of 0.18 farad (96 electrolytic capacitors, each 1900 / W f ,
rated at 400 volts) and the total inductance of 5 to 10 microhenrys is used.
The circuitry used for the pulsed valve operation, power pulse delay, and
trigger pulse generation is shown in Figure 14. The current pulses gener-
ated by this power processing network for impulse measurements are not
as rectangular as those produced by the network of Figure 12 for calori-
metric and Doppler measurementsT but it is considered quite adequate for
the purpose of measuring an integrated quantity such as impulse bit.
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III. MEASUREMENTS OF CURRENT AND VOLTAGE WAVEFORMS
The MPD thruster has been instrumented as indicated in Figure 13,
with a Rogowski coil current probe and a voltage probe to allow simultan-
eous recording of the voltage and current pulses associated with each im-
pulse bit measurement. These data have been collected over a range of
pulse powers and gas flow rates for several geometries and propellants.
Table 1 summarizes the cases studied. Tables A to R, which are included
in the Appendix, list the conditions for each data point, the scale factors
for the particular oscilloscope traces, and the impulse bit produced. A
typical set of test conditions for the current and voltage measurements of
the Group A in Table 1 is summarized in Table 2. The corresponding
waveforms, Al through A6, are given in Figure 15. A complete set of
waveforms are shown in the Appendix. The integration of these wave-
forms provide the data point for averaged power input and the value of
j J dt for each impulse measurement.
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Pig. 15 - Examples of Voltage and Current Data
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IV. MEASUREMENTS OF PRQPELLANT PULSES
A. Propellant Feed Subsystem
The pulsed valves tested in this program are commercially available,
two-way solenoid valves. It is found that, in general, valves capable of
producing fast rising gas pulses of short duration are of the direct acting
type. Pilot-operated and other gas-assisted valves are found unsuitable
for generating the required pulses in the present case because of their
long opening and closing times.
In order to obtain gas pulses with a short rise time, we have made
the following arrangement. The valve solenoid is connected in series with
a capacitor of 10-100 ^dt charged at voltages from 200 to 400 volts, and a
silicon controlled rectifier switch as shown in Figure 16» When the SCR
switch is triggered, the capacitor discharges through the valve coil to
open the valve and produce a gas pulse. Generally speaking, the gas pulse
duration and rise time are controlled by the capacitance and charge vol-
tage, while the amplitude of the pulse which corresponds to mass flow
rate is determined mainly by the pressure in the reservoir behind the
valve and the size of the valve orifice. For any particular desired gas
pulse length, the values of capacitance and voltage necessary to produce
reproducible pulses can easily be determined empirically.
For the range of most flow rates required in the present measure-
ments, the Skinner Precision Industries, Inc. series "C " valve with a
5/32 inch orifice (Catalog #C2DB1062) is found to be quite suitable. The
solenoid coil used with this valve is the Skinner #CC-7721F24 coil, rated
at 8B, 60 cps. For few measurements where higher flow rates are re-
quired, an Automatic Switch Co. valve #826226 with a 1/4" orifice is em-
ployed. This valve is operated with a Skinner #V5-7720F24 coil, rated
at 8V, 60 cps.
The characteristics of the.gas flow pulse must be determined in the
interelectrodes gap of Figure 1. This is done by inserting in the mass
flow path a Milliterr lonization Gauge manufactured by Varian Associates
and operated according to manufacturer's specifications. The submillisec-
ond response and the relatively small size of this gauge are quite adequate
for our purposes. The output of the gauge provides us with the shape of
the gas pulse, including rise time, duration and arrival time of the pulse
in the interelectrode gap.
-19-
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Since the gauge output is linear over the range of conditions of inter-
est, the time integral of the pulse signal represents the total mass of a
gas pulse. The amplitude of the signal is related to the mass flow rate by
collecting the expelled gas in an evacuated tank of known volume and by
measuring the resulting pressure rise. Alternatively, we may also mea-
sure the pressure drop in the known reservoir tank which provides gas
to the valve.
B. Mass Flow Waveforms
Seven cases have been selected and calibrated for use in the para-
metric evaluation of the thruster. These cases, for argon propellant, are
tabulated in Table 3 and the corresponding output signals from the Milli-
torr lonization Gauge are illustrated in Figures 17 to 23. These figures,
with the oscilloscope sweep triggeren by the same pulse that activates the
valve solenoid, illustrate that about 1. 0 millisecond after valve activation,
the injected gas starts appearing at the probing station, and it takes an
additional 0. 5 milliseconds for the flow rate to raise to a steady and uni-
form flow.
Standard pulses for other propellants are summarized in Table 4.
For each entry in Table 3, we specify the values of the parameters for the
pulsed valve, namely: the pressure in the propellant reservoir as well as
the capacitance and voltage of the capacitor which is discharged through
the valve solenoid. The calibrated value of m is indicated in a separate
column. Also in a separate column, we tabulate tht total mass contained
within a propellant pulse. The values of the cold impulse, resulting from
a cold propellant pulse with no power delivered to the MPD thruster, are
also given in Tables 3 and 4. These cold impulses are about 10 - 20% of
the actual thruster impulse with power applied.
C. Valve Subsystem Performance
In order to obtain information as to the life expectancy of the solenoid
valves under the special pulse conditions of interest, we have subjected
two Skinner #C2DB1062 valves to a life test. The valves were operated with
a reservoir pressure of 100 psi, argon propellant, a 100
 yuf drive capacitor
charged to 300 volts, at a one pulse per second repetition rate. The first
valve was operated for 100,000 pulses, with no sign of deterioration of
the gas pulse characteristics. This valve was then disassembled and in-
spected for signs of wear. Other than a slight deformation of the rubber
valve seat, no signs of wear were observed. The second valve was allowed
to operate until, after 350,000 pulses, the gas pulses became erratic. The
valve was disassembled and it was found that the copper shading ring had
-21-
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Pig. 1? - Overlay of Many Reproducible
Propellant Pulses, at 1 msec/cm. Quasi-
Steady Amplitude; 1.1 gm/sec Argon.
Pig. 18 - Overlay of Reproducible Propellant
Pulses at 1 msec/cm. Quasi-Steady Amplitude
2.2 gm/sec,, Argon.
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Pig. 19 - Overlay of Reproducible Propellant
Pulses, at 1 msec/cm. Quasi-Steady Amplitude
5.6 gm/sec, Argon.
Pig. 20 - Overlay of Reproducible Propellant
Pulses, at l msec/cm. Quasi-Steady Amplitude
12.0 gm/sec, Argon.
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Pig. 21 - Overlay of Reproducible Propellant
Pulses, at 1 msec/cm. Quasi-Steady Amplitude
1.1 gm/sec, Argon.
Fig. 22 - Overlay of Reproducible Propellant
Pulses, at l msec/cm. Quasi-Steady Amplitude
2.2 gm/sec, Argon.
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Pig. 23 - Overlay of Reproducible Propellant
Pulses at 1 msec/cm. Quasi-Steady Amplitude:
5.6 gin/sec. Argon.
-26-
02
O (D
-P -H
•H c W
73 O
C C 60
O 0 C
w
0 08 C OJ
?-i O PH
fH C ftrH
O O 02 OJ
02 [>, (L, I
0 ^ O O
02 |^  O O
rH 5)^
3 •% 0
ft C XJ rH
E O -P -H
H 0 O
O E t3 OJ
O 3 CVQ
•H 3 O
TD rH O rH
C 0 fo W
cO p^ Q
0 OJ
02 SH fl O
0O 5ft;
-P <M >s
CO CO 0
CC| 02 g >
0 rH
S 02 CO CO
O rH 40 >
rH 3 CO
H-< PH Q
•
<M -P rH OO
O C cO
cO C 0
>jrH O rH
?H rH .H f!
CO 0 -P CO
g ft-HEH
E O T3
CO PH <C O
I
0
CO
EH
c
o
c0
X
d
o
-P
R
£
fl
O
^
E
•H
rH
0
M
0
to
T3 rH
rH 3
0 ft
0 £
H
•E
0
02
T3 rH
rH 3
0 ft
0 E
H
•£
0
02
•0 rH
rH 1
0 ft
0 £
H
•E
0
02
T5 H
rH 3
0 ft
•0 E
H
•£
0
OH
0
-P
C
CO
rH
rH
0
ft
0
P-,
*rH
cO
£H K-5"
60S
•H
CO
rH
1
O
0
02
1to
rH
CO
faO E
•H
CO
rH
1
O
0
02
1
60
rH
CO
C t>
60 E
•H
CO
rH
1
O
0
02
1
M
rH
CO
C
bO *^
•H E
CO
rH
1
O
0
02
1
60
60
•H ^tfc
fe
0
02
rH ^tjs
rj
Pn
^- t- o
• • •
LP\ rH OJ
rH OO
rH -=f OO
• • •
-=t O OJ
rH OJ
O O O
LO OJ OO
rH OO
OO VD O
• • •
OO CO CO
rH
OJ O O
• • •
LA rH O
rH OO
VO O LH
. . •
rH -Ct 00
OJ O O
. • •
LTi O H
rH OO
IS- LA H
. • .
O rH -=t
CO CTs O
rH rH OJ
OJ OO -=t
CO
o
-p
CQ
O
ft
ra
a)
o
o
05
c
50
•H
02
I
-P
CO
O
02
0
-P
CO
•H
rH
CO
O
02
•rH
0
O
•H
>
0
•O
50 O
C 0
•H 02
02 rH
CO E
0
EOJ
•
0 O
02
rH «i-l
S OftE 0
•H 02
rH
0 3
•^ &EH S
* -H
-27-
become dislodged and was interfering with the valve plunger. The rubber
valve seat showed slight wear at the sealing point, but not significantly
more than what appeared in the first valve. The valve plunger and the plun-
ger stop both showed a small amount of deformation caused by the high valve
opening speed, but not sufficient to cause valve malfunction.
It is felt that the following modifications to these valves would signifi-
cantly increase the useful life under pulse service: (1) The copper shading
ring should be brazed in place instead of being press fit as in the standard
valves. (2) The valve plunger and plunger stop should be made of a harder
alloy so as to reduce the amount of "cold forming" due to the opening impact.
(3) The rubber (Buna-N) valve seat should be replaced with a harder material
such as viton or teflon.
Further testing may indicate other modifications such as the usage of
hollow plungers to increase opening speed and teflon coated plungers to
reduce friction and wear which would increase the performance and life
of the pulsed valves.
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V. MEASUREMENTS OF MPD THRUSTER IMPULSE
A. Experimental Arrangement
In the present experimental study, an individual impulse bit (not a
pulsed chain) is measured by employing an impulse measuring platform
which is a modification of a facility developed'* at Avco under Program
NAS-5-10342.
This is essentially a mass-balanced, single axis suspended table
where the impulse to be measured is normal to, but does not pass through,
the axis of rotation. Specifically, the impulse, I, is acting at a known
moment arm, s, and imparts to the platform an angular momentum, Q- w,
where Q is the rotational inertia of the platform and w is the acquired angu-
lar velocity. In the absence of any parasitic torques, we obtain:
I-s = Q-s (1)
In actual practice the angular velocity W is measured by a sensitive
rate gyro, Nortronic K-7 gyro system, also mounted on the platform.
Moreover, the rotational inertia of the platform is generally adjustable
and may be calibrated by straightforward procedures as described in the
following.
Physically, the platform is a three level round table, 3 ft. diameter,
accommodating the impulse producing device at a moment arm about 28 in.
from the axis of rotation. The platform acommodates also the capacitor
bank, the gas supply tank, the pulsed valve and other auxiliary equipment
as illustrated in Figure 24. The total weight of this assembly is between
300 and 400 Ib, well within the weight limitation imposed by the finite strength
of the suspension. The multifilament suspension cable, about 30 closely
spaced filaments of piano wire, 0. 015 in. diameter, has a useful length of
about 2. 5 ft. The upper end of this cable is not rigidly attached to the ceiling
of the environmental tank, but is mounted on a smaller platform, capable of
rotating around the same axis as the main platform. By means of an opti-
cal beam arrangement and a servo system, the upper platform is slaved to
the main platform and the relative angular displacement between the two
platforms may be made negligibly small.
The exact value of the rotational inertia of the platform is found by
straightforward calibration techniques. Usually, a synchronous motor with
a flywheel is mounted on the platform. Both the rotational inertia, Q', and
the angular velocity, w1, of this arrangement are accurately known. Shortly
after activation, the motor and flywheel reach steady rotation and by conser-
vation of angular momentum the platform acquires an angular velocity, w,
which is accurately measured. The calibration of the rotational inertia of
the platform follows from: Q= (Q1- W)/w.
-29-
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B. Interferences and Corrections
It is important to note that under this arrangement, the main platform
may acquire and maintain an arbitrary angular velocity, without causing a
twist of the suspension cable. In other words, the restoring torque of the
suspension system has been eliminated and the impulse measuring platform
is, for all practical purposes, an inertial platform in the angular sense.
This then justifies the validity and simplicity of Equation (1) for any arbi-
trary length of time within reasonable limits. Two additional sources of
interference have been considered: First, since the impulse vector does
not pass through the center of mass of the platform, a swinging mode may
exist. The second interference arises from the fact that the plane formed
by the impulse vector and the.center of mass is not exactly normal to the
rotation axis of the platform. Due to the very large mass of the platform,
both these effects are not even detectable under normal experimental condi-
tions and their influence on our measurements is negligible.
Within reasonable limits set by the weight and size of the platform and
its components, the rotational inertia, Q, of the platform may be adjusted
so that the application of Equation (1) gives optimum results for our experi-
ments. Normally, a value of Q about 20 kg-m^ is found satisfactory. The
impulses of our interest here range from about 5 x 10 to 5 x 10"* Newton-sec
and are applied at s = 0. 7m from the axis of rotation. It follows from Equa-
tion (1) that the resulting angular velocities are in the range 10 "^ to 1. 0 deg-
sec . This range is quite satisfactory for the gyro which is linear and, at
a sensitivity of 540 mv/deg-sec , produces easily measured and recorded
signals.
Examples of impulse measurements are illustrated in Figure 25. Here,
the indicated signal is the output of the gyro mounted in the impulse platform.
This output is directly proportional to the angular velocity or angular momen-
tum of the platform, and consequently to the impulse acting on the platform.
It is easily seen that the angular velocity under consideration remains con-
stant between steps, as would be expected from an inertial platform. The
response of pulse A in Figure 25 is obtained when we apply a known angular
momentum, as explained earlier, for calibration purposes. It maybe seen
that the platform reaches a constant angular velocity fairly sharply. About
10 to 15 seconds later, the motor with the calibrated flywheel is turned off,
and the platform returns to its original angular velocity, (zero deflection).
This happens very gradually, because of a substantial energy stored in the
flywheel.
The response B in Figure 25 is the result of an impulse due to a cold
gas pulse, without adding any MPD power. Such impulses are generally
-31-
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small relative to the powered impulses as a comparison of the response B
with the responses C, D and E in Figure 25 indicates. However, the mea-
surements of the cold impulse are important for two reasons: first , a cor-
rection must be applied to the powered impulses to account for the fact that
the gas pulse duration, t
 g, is always longer than the current pulse dura-
tion, tj. In essence, the extra duration of the gas pulse, although unpow-
ered, still makes an inappropriate contribution to the main impulse. The
necessary tare correction is made according to
I = Icold'
where 1 ]^^  is the impulse resulting from the cold gas pulse. This correc-
tion is approximate and usually small in most cases of interest.
The second reason for making impulse measurements with unpowered
gas pulses is to check the overall consistency of the experimental arrange-
ment. This may be done because both the foundation and the application of
Equation (1) are much more reliable when there is no power added to the
gas. In essence, then we compare measured values of Ico[d with the inte-
gral 5 F dt. According to Equation (1), this integral is obtained for any
given gas From the measured value of $mdt. The stagnation temperature,
To, is known here to be very close to the room temperature. Numerous
comparisons of this type have been made for most common gas, especi-
ally for the five noble gases. The results are satisfactory, within uncer-
tainties in the range 5% to 10%.
Before concluding this section, we report certain additional auxiliary
tests which are quite important. Every effort has been made on the impulse
measuring platform to shape and distribute the high current paths in such a
way that the possibility of parasitic impulses is minimized. Such parasitic
impulses are unrelated to gas expulsion and may arise from the interaction
of the high currents on the platform with the walls of the environmental tank,
or with other structures in the vicinity of the platform. In the auxiliary
tests under consideration here, an arrangement known as an impulse killer
(see Figure 11) is applied. In essence, we attach in front of the impulse pro-
ducing device a cylindrical drum (about 8 in. long, 5 in. diameter) with the
far end closed and with many holes uniformly distributed over the cylindrical
surface. When the impulse killer is used, the expelled gas may escape only
radially but not axially. Since the radial expulsion is symmetrical, no net
impulse should be produced. Thus, any impulse, measured under such
conditions, should be assigned to parasitic effects. The results of the
aforementioned auxiliary tests have shown that the effect of parasitic im-
pulses is negligible. These data are summarized in Table 5 and cover a
wide range of experimental conditions of interest here.
-33-
C. Impulse-Bit Data
Impulse bits for various thruster operating conditions are measured
by the method described above and the results are tabulated in Table A
through R as shown in the Appendix. Refer to Table 2 of Section III for
example. It must be noted that the measured signal is calibrated so that
1 millivolt corresponds to 0. 2 millipound-seconds of impulse bit. These
complete sets of data, presented in Table A through R, provide basic in-
formation for the analysis of the thruster performance discussed in Sec-
tion VI.
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VI. THRUSTER PERFORMANCE
A. Background Information
The performance of a thruster is usually characterized by two impor-
tant parameters: the specific impulse, I , and the overall acceleration
efficiency, e. In mathematical forms, they are
T Thrust T Q j ,,\I — ———^———_^-^— — , and. (6)
S
^ Mass Flow Rate m
Kinetic Power _ 1/2 m u
e = (4)
Input Power JV
There are generally two experimental approaches in determining the values
of Isp and e. The first involves the direct measurements of thrust, mass
flow rate, kinetic power, etc. The second method, which is less direct
but provides more detailed resolution, involves measurements of the flow
velocity. These two methods are complementary, and the validity of the
performance measurements can be checked by comparing the results from
inertial table tests to those from Doppler velocity measurements. More
discussions will be given in Section VII concerning this point.
For the benefit of the succeeding discussions on the thruster performance,
the basic theory of MPD thruster operation is briefly presented here. Refer-
ring to the thruster configuration shown in Figure 1, the arc cross section is
increased from a small radius rc to a larger radius ra along the flow direc-
tion. Because of this, the current flow has components in the axial direc-
tion as well as in the radial direction. It is these components which produce
pinch effects and axial magnetic acceleration. Analytically, an expression
has been derived elsewhere ' for the total magnetic thrust as
F m a g = J ( J x B ) d V - f PmagdA < 5 >
where V and A denote the volume and the surface area of arc discharge.
Assuming the constant current density flowing through the cathode, Equa-
tion (5) can be integrated with the help of Maxwell's equations to yield :
F - T - bJ2 (6)
mag
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where T is the thrust of MPD thruster and the constant b is given by a
relation
b = 10-' (-5- + In—^-) (7)
2 rc
in MKS units. Strictly speaking, the thrust consists of
T
=
 Fmag + F ae ro+ F H <8>
where Faero is the force exerted to the gas through the nozzle expansion
and Fpj is the Hall current acceleration force. In the range of the large
electric power input needed to maintain the self induced magnetic field,
the contributions from the aerodynamic expansion and the Hall current
acceleration are much smaller than that from the magnetic interaction,
and therefore, T = Fm . It follows that the impulse bit is
= \ T dt = C b J2 dt
w* 'J
(9)
The proportionality constant b between the thrust and the current in
Equation (6) or Equations (9) and (10) is a very important quantity related
to the performance of the MPD thruster. While the derivation of the expres-
sion (7) can be found in Reference 7, its validity under certain assumptions
has been examined under a series of extensive experimental studies in the
present program. The functional dependence of b on the mass flow rate,
the molecular weight of propellants, the electrode geometry, etc. are also
investigated experimentally. These results will be discussed in the follow-
ing pages.
For the MPD thruster under consideration here, the thrust is given by
Equation (6) for all practical purposes. Then, the specific impulse defined
in Equation (3) can be reduced to
T2I = b (J ) (10)SP m
2Consequently one can see that whatever limitations are imposed on J /m
they are also imposed on Isp. It has been found from our experimental ob-
servations that J /m has a critical value for each propellant. Above a
certain critical value of J2/m, the thruster performance becomes spurious.
Specifically, the critical value of J /m is considered as a demarcation of
the onset of starvation whereupon the ingestion of environmental and/or
eroded material is induced.
-37-
In order to understand the critical aspect of the MPD thruster perfor
mance, it is necessary to analyze the input power requirement for the
thruster. Following the crude analysis of Reference 8, the input power
requirement is considered as a summation of: the power loss, PW; the
power for ionizing the flow; and the power for producing the thrust. In
a mathematical form, it is:
JaVa = P»+ -£. ' No" e ' Vi +
where m, M and V- are the mass flow rate, the molecular weight and the
ionization potential of the propellant, respectively. The constants N and
e have respectively the values: 6 x 10" particles/mole and 1. 6 x
units /electron charge.
Essentially, in Equation (11), we assume that the MPD input power,
reduced by electrode losses and other losses, is distributed in two modes,
namely: power for the ionization of the propellant flow rate and thrust
power. The random thermal power of the MPD flow is neglected, by com-
parison to the power for ionization. Furthermore, we remark that the
ionization power is proportional to m while the thrust power is inversely
proportional to m. On general thermodynamic grounds, it may be expected
that a stable MPD operation will be realized if the power input is minimized.
This would happen if the last two terms in Equation (11) become equal to each
other, .or in other words, when the net power input in the MPD flow is equi-
partitioned between ionization and acceleration. In view of this assumption,
one would expect a stable thruster operation to be associated with the condi-
tion:
. 2
-~.N • e V. = i- (12)M o i 2 m v '
-S-5sp
As previously pointed out, the thrust of the MPD thruster under considera-
tion is given by Equation (6) regardless of the flow rate. Accordingly, the
critical value of J^/m can be expressed in a form:
(J2/m)c = [(2eNQ)1/2/b] • (Vj/M)172 (14)
which implies that the upper limit of trouble-free MPD operation depends
only on the thruster electrode geometry (through the constant b) and on the
properties of the propellant. The validity of Equation (14) was already exam-
ined in our previous report.
-38-
By inspecting Equations (10) and (14), we note the interesting point that
the critical value of the specific impulse is independent of the MPD thruster
geometry. In essence, (J2/rh)cr is inversely proportional to b and thus (Ig )
is independent of b. Moreover, we note that (Igp) , regardless of MPD geo- *
metry, depends on the propellant and is proportional to the square root of the
ratio V ^ / M where Vj is the ionization potential and M is the molecular weight
of the propellant.
After inspecting the physical characteristics of the Ig for the MPD
thruster, we shall proceed to examine the functional dependence of the
thruster efficiency, e, which is another physical parameter for character-
izing the thruster performance.
The efficiency is defined as:
e =
JV
where P. and Ps denote the thrust power and the supplied power, respec-
tively. The quantities J and V represent the applied current and voltage at
the electrodes. Combining Equations (15) and (6), we have
e _ b ' IsP _ (16)
2Z
where Z is the instantaneous plasma impedance across the electrodes.
Equation (16) provides not only an important relationship between I and
e, but indicates clearly the requirement for the plasma impedance in main-
taining a specified thruster efficiency with a given specific impulse.
B. Data Analysis
Following the analytical considerations presented above, the first
step in data interpretation is to examine the properties of b as expressed
in Equations ( 6) and (7). Referring to Equation (9) and the discussions
preceeding it, one realizes that the relation
I = ^ b J2 dt
is valid if and only if the contributions from the aerodynamic force and the
Hall current acceleration force are negligible. When these are not negli-
gible, the combination of Equations (8) and (9) will yield:
=
 $<Faero + FH> dt * $ b ^ dt
or
I = a -I- \ b J2 dt (17)
-39-
As summarized in Table 6, the least squares analysis of our measured
data indicates that b is indeed a constant for given thruster configuration
and propellant. The constant a in Equation (17) is found to be a small number
and its value tends to decrease with increasing input current.
To investigate further the physical properties of the constant b, the data
from these measurements which are burdened by the gasdynamic and Hall
current contributions are excluded from the analysis (Figure 26). The re-
maining data are replotted in Figure 27 for argon where the dependence of
b on rA/ rC *-s clearly discernible. The three straight lines represent the
theoretical prediction of Equation (17). The experimental data points of
Figure 27 are obtained using five different flow rates of argon, namely:
0. 1, 1. 1, 2. 2, 5. 6 and 12. 0 gm/sec, and they show no detectable sensiti-
vity of b on the flow rate as presented in Figure 28. The independence of
b on molecular weight is demonstrated in Figure 29 while the validity of
Equation (7) is depicted in Figure 30.
The coefficient b as derived in Equations (6) and (7) is independent of
the relative axial distance ZQ between the cathode tip and the anode plane.
However, the expression (7) is not exact and involves many simplifying
assumptions with regard to the current density distribution. Based on a
physical argument, one would expect this distribution to change as a function
of r _ / r c as well as zc. In order to gain more insight on this point, experi-
mental runs were conducted with zc= 0. 0, 1. 0 and 1. 5 inches. The results
of these experiments plotted in b vs. z are shown in Figure 31 as circles.
Comparison of these data with the value of b predicted from thruster geometry,
shows a small increase in b with increasing zc. The effect is not large enough
to have any practical significance in the design of thrusters, or the understand-
ing of their operation.
We also investigated the question of whether or not our experimental
results depend on the location of gas injection ports in the discharge chamber.
Most of the experimental runs have been carried out either with a uniform gas
injection (many holes uniformly distributed over the backplate) or with holes
clustered around at an average radius r^= 1. 0 inch. To complete the experi-
mental investigation, two additional series of tests were carried out with
gas injected at an average radius r^ = 0. 6 and 1. 6 in. These two situations
correspond to injection very close to the cathode perimeter and very close
to the rim of the backplate. The experimentally determined values of coef-
ficient b are plotted in Figure 31 as triangles. A comparison with the ex-
pected value of b (a horizontal line) shows a relatively small sensitivity of
b on r-. It should be noted that the erosion of the boron nitride backplate,
where the backplate meets the cathode, appeared to be considerably less in
the case where r j_ = 0.6 in. than where tr. — 1. 6 in. Gas injection near the
rim of the backplate may cause "local starvation" in the cathode region.
-40-
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As discussed in connection with Equation (16), the plasma impedance
across the electrodes is a very important parameter controlling the effici-
ency of the thruster. Figure 32 shows the variation of voltage as a function
of current for a typical argon run. A sharp rise in the voltage (or impe-
dance), after (j2/m) has reached a critical value, is clearly indicated.
Similar trends have been observed for other propellants and an example for
Xenon is shown in Figure 33. The rest of the data and figures are included
in the Appendix.
From the measured data of J, V, m, and impulse bit, the thruster per-
formance characteristics has been obtained for the variety of propellants
and conditions. While a complete set of data including the information on
I and efficiency is given in Tables 4 to 17 of the Appendix, the representa-
tive characteristics of thruster performance are shown in Figures 34 to 41.
The variation of specific impulse, Isr), as a function of J /m with a
given thruster configuration is shown in Figure 34 for Neon, Argon and
Xenon. It clearly validates the relationship that:
I s p = b ( ^ (10)
It is interesting to note that the data of Figure 34 do not show the tendency
of a limitation on the Is value at the critical point. Based on the results
of our previous test* and also according to Equation (14), the critical opera-
tion of the MPD thruster is reached at the values of J^/m approximately
equal to 60, 40 and 20 for Neon, Argon, and Xenon, respectively. According
to the results of our Doppler measurements presented in Figure 20 of Ref-
erence 1, the specific impulse for each propellant at the values of J^/m
larger than these critical values may not increase linearly but rather mar-
ginally and may reach a plateau eventually. Thus, there exists a discre-
pancy in the data interpretation between the impulse measurements and
the Doppler velocity measurements. Discussions on this point will be given
in full detail in Section VII.
In Figures 35 to 38, the MPD thruster efficiency under various condi-
tions is plotted as a function of J^/m. As previously discussed, the mea-
sured'value of J^/m is a most important variable for the thruster perfor-
mance study. Moreover, J^/m is easily converted into ISp by means of
the relationship given in Equation (10).
The efficiency for four different flow rates using argon as a propellant
in the thruster with a 3 inch anode and a 3/4 inch cathode is presented in
Figure 35. It is noticed that as the values of J /m are increased the effi-
ciency increases steadily. This trend continues until J^/m reaches values
-48-
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1 - 1662
O Neon
X Argon
A Xenon
3 in.
3/4 In.
1.1 ~ 22.3 gm/sec
41.7 m-lb/(KA)
10 10-
J /m, (KA) /gm sec-1
o
pig. 34 Specific Impulse versus J /m
for Several Propellants
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near the critical at which point the efficiency stops increasing. Far beyond
the critical point, efficiency seems to increase rapidly again, but, this re-
flects the mispresentation of the data because the participation of spurious
propellant is unaccounted for by the plots based on the metered value of m.
It is recalled that
b- !„„ u2
 T2b^ . J<
and the existence of a critical value in e implies the similar behavior in the
plasma impedance Z. Indeed, this is what we have observed in Figures 32,
33 and other similar plots. The curves shown in Figure 35 also indicate the
increase in efficiency as the flow rate is increased. This is due to the fact
that the plasma impedance of the MPD thruster is decreased as the flow rate
is increased at fixed J /m.
To eliminate the effect of m on e, the efficiency of the thruster for vari-
ous propellants is obtained and compared in Figure 36 at approximately the
same m for all the propellants. It is observed that the critical efficiency,
or alternatively the maximum credible efficiency, seems to decrease for the
heavier propellant.
The effect of the geometry on the variation of efficiency at a fixed pro-
pellant and flow rate can be seen in the curves of Figure 37. Because of the
change in geometry the critical value of J /m is varied as according to the
relation given in Equation (14), and the corresponding critical efficiency
seems to depend slightly on the geometry. No definite trend can be ascribed
to these data, but again, the effect of the geometry on the plasma impedance
could play an important role here.
For a fixed electrode geometry, the efficiency versus input power for
argon flow rates of 2. 2, 5. 6 and 12. 0 g/sec is plotted in Figure 38. It indi-
cates initial sharp increase in the efficiency as the input power is increased.
Soon after the critical point is reached, the efficiency ceases to increase
any further even though the input power continues to increase. Consistent
with the results of Figure 35, the critical efficiency is shown in Figure 38
to be higher for larger flow rate.
The MPD thruster efficiency at the critical point of the operating condi-
tions, which represents the maximum credible efficiency, is examined in
Figure 39 for argon as a function of the critical input power at various flow
rates and for four different geometries. Again the critical efficiency is
shown to increase with increasing input power and larger flow rate. As far
as the efficiency is concerned, it is possible that an optimal thruster config-
uration does exist since the plasma impedance may depend on the geometry.
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At the critical point, Equation (16) will take a form:
2
where (Isp) = b (J /m) is the critical specific impulse and Z is the
plasma impedance corresponding to the critical MPD conditions. It
must be noted that the coefficient b in Equation (16)' depends on the
thruster geometry only, while (Isp)c depends on the propellant only.
Thus, for a fixed d. /dc ratio and a fixed propellant, the maximum
credible thruster efficiency becomes a simple and inverse function
of the plasma impedance. This situation is fairly well represented
by our experimental data summarized in Figure 40.
The experimental results presented in Figure 34 demonstrate eas-
ily the dependence of (Isp) on the propellant. Because of the relation-
ship in Equation (14) that (j2/rn)c is inversely proportional to the. molecu-
lar weight of propellant, the lighter propellants have higher values of (I )c.
In Figure 41, the efficiency versus specific impulse under critical operation
conditions for various propellants is shown. It is quite clear that the maxi-
mum credible values of the thruster efficiency and the specific impulse in-
creases simultaneously as the propellant becomes lighter. The spread
of the data for each propellant reflects again the dependence of the effici-
ency on the propellant flow rate.
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VII. FLOW VELOCITY MEASUREMENTS
As mentioned previously, the flow velocity is one of the important phy-
sical quantities which characterize the MPD thruster performance. The
specific impulse and the efficiency are related to the velocity because:
Y
T = 2 T T 5 ° r £ : m^u^lrdr (18)
0 U J
and
r
~ i mi ni ui~l rdr <1 9>
where m^, n. and u- are particle mass, number density, and axial velo-
city of the particle, respectively.
It becomes apparent from the relations of (18) and (19) that the evalu-
ation of I and e through velocity measurement requires a rather extensive
effort in probing detailed data. However, a substantial simplification can
be made if one assumes:
(1) All species i have the same velocity u- — u, and,
(2) This velocity u is radially uniform, for all practical purposes.
Then, the particular velocity u. can be pulled out of the summation and
integration resulting in I - u.
Among the various schemes for velocity measurements, the technique
utilizing Doppler shift is most versatile and free of serious errors. Briefly,
the method is based on the observed fact that the wavelength of any spectral
detail is a function of the relative motion between the emitter of the radiation
and the observer. Thus, the wavelength measurements will lead to the det-
ermination of flow velocity as follow.
Considering an emitter of radiation moves with a velocity u relative to
a sensor and makes an angle 0 with the line of sight, a wavelength ^ will
be observed such that
I f — cos 0
c
-61-
(20)
where X is the wavelength which would be observed if u = 0. Since
u « c, a8d ^Q— 3 «•;} , Equation (2) can be reduced to
u = - - . Ao <*• - (21)
cosO ^
The experimental arrangement for the Doppler shift measurements
is presented in Figure 42. The relative wavelength difference, ^ -/? ,
appearing in Equation (21) is measured by means of 2-meter Bausch & Lomb
grating spectrograph located at S of Figure 42. This instrument has a re-
solving power of 150, 000 and provides a dispersion of 4 A/mm in the first
order. Spectral data are recorded at the focal plane of the spectrograph
either by photographic plates or by photo-electric scanning. The point P
in Figure 42 for the velocity measurements is selected on the centerline
of the MPD flow within one exit diameter from the exit plane. The radi-
ation from a small volume in the vicinity of the point P is spectrally analy-
zed via two optical paths PM^M3 and PK^Mo. Checking against the wave-
length of the same spectral lines originating from Geissler tubes (or other
discharge tubes), the wavelength shift is obtained. The Doppler shift observed
in PlVLMo can be related to the radial velocity of the thruster flow while the
shift in PM£M3 can be related to the axial velocity through Equation (21).
Strictly speaking, the Doppler shift measurements reported here are
not spatially resolved. The radiation is originated in the core of the arc
(vicinity of the point P) and the total shift is obtained with line intensities
and local shifts integrated along the lines of sight. However, the Doppler
shift contributions from the thicker and much slower gas layers surrounding
the core are considered negligible because the spectral lines are selected
to provide strong intensities in the core but much weaker intensities outside
the core.
Concerning the accuracy of the instrumentation, we notice that the spec-
trometer has an intrinsic resolving power of 150,000. This means that a
resolution of about 0. 03 A is available at 5000 A. At the same time, a spec-
tral window of about 0. 06 A (15 micron slit at 4 A/mm dispersion) may be
positioned on the focal plane of the spectrometer exit, with a typical uncer-
tainty of 0. 025 A. It follows that, in terms of Equation (21), velocities lower
than about 1 to 2 x 105 cm/sec, (or 100 to 200 sees, specific impulse), may
not be determined with accuracy.
In order to check the validity of thruster performance data obtained
from the inertial table tests, some velocity measurements at the critical
conditions are made to assess the values of the corresponding specific
-62-
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impulse through an approximation u=:Is_. The results of velocity mea-
surements using Equation (20) are summarized in Table 7. The compari-
son with the inertial table test data is shown in Figure 43.
The measured velocities tabulated in Table 7 indicate that there exists
no velocity disparities between ionic and neutral species. This is quite dif-
ferent from the results of the previous observations' where for low flow
rates and low energy inputs the measured ion velocities are found to be sev-
eral times higher than the measured neutral velocities. In the present case,
the mass flow rate and the energy input are much larger than the previous
cases, thus, the relatively high ion density is maintained. This results in
the smaller value of the mean free path for a neutral colliding with ions
which, in turn, causes a strong coupling between ion and neutral.
The species velocity is determined from the Doppler shift data using
Equation (21). It is important to note that our present measurements are
time resolved and that many pulses are required to obtain the shifted and
unshifted spectral lines. Based on the comparison of these time resolved
Doppler shifts at various specific time instants during the same set of
pulses, it is concluded that the velocity remains constant during the quasi-
steady plateau of the power pulse. This result has been obtained from a
number of similar tests under various experimental conditions.
As previously pointed out in Section VI, the linear relationship between
Isp and (J2/m) in Equation (10):
is not observed from. the results of the Doppler measurements for the
underfed operating conditions. The value of specific impulse as deter-
mined from the Doppler -velocity measurements appears to have a limi-
tation at the critical point* while no such limitation is observed from the
inertial table data of Figure 34. The cause for this discrepancy is ex-
plained in the following.
In the region where J /m increases beyond the critical value, the
thruster is operating under the condition of propellant starvation. The
plasma flow becomes unstable as the current wave form indicates, and
the spurious mass flow from the environment or due to electrode deteri-
oration can contribute substantially to the generation of the MPD thrust.
A complete spacial resolution in the Doppler velocity measurements is
necessary to determine the thrust and the propellant mass flow rate from
Equations (18) and (19). In the absence of this information, the estimation
based on I =. u must be regarded erroneous in the region where J /m is
greater than the critical value. In this respect, the observed I limita-
tion in the Doppler measurements must be considered unwarranted. For
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practical applications, nevertheless, it may be meaningless to talk about
ISp beyond the critical point because of the ambiguity involved in the det-
ermination of m.
Other than these few minor points as discussed above, it can be said
that the thruster performance determined from the Doppler velocity mea-
surements is confirmed by the results of the inertial table tests within the
accuracy of the experiments.
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VIII. ELECTRODE CALORIMETRY
In the evaluation of MPD thruster performance, the determination of
electrode losses is very important. It provides the information on the
expendLtuireof the input power and provides a check on the credibility of
thruster power and efficiency determinations.
The plasma flow in the MPD thruster is supported by an "arc discharge"
which involves the passage of a large current through an electric arc column.
The gas passing through the arc column is heated to high temperature and
becomes ionized.
The arc column is characterized by an almost constant electric field
strength and is bordered by two thin sheath regions near the electrodes
with sharp potential drops. These two sheath regions are called the anode
fall and the cathode fall.
The anode fall is a transition region, both electrically and thermally,
between anode surface and anode column. The cathode fall is also a tran-
sition region but involves more complex situation due to the flow of an ion
current to the cathode and the emission of electrons from the cathode. The
basic physical processes in the regions of cathode and anode falls are not
yet clearly understood and the controlling mechanism for electrode energy
losses can only be studied experimentally in an approximate way.
Previous experimental results ' have shown that the main energy
loss of an arc is due to the anode heat flux. The heat losses to the cathode
and to surroundings are considered somewhat smaller.
The heat transfer to the electrodes is measured in the present study
by the steady-state calorimetric techniques. For this purpose, provisions
for water cooling with a setup for water flow rate and temperature measure-
ments are made on the anode and cathode of the MPD thruster. Specifically,
the heat carried out by the calorimetric fluid is assumed, under ordinary
circumstances, to represent the complete amount of energy transferred to
the electrodes. It will be noted later that this is not always a valid assump-
tion.
The results of the calorimetry measurement are summarized in Table 8
and also shown in Figure 44. The data are obtained (with the thruster operated
at the repetition frequency of 1/3 to 1/2 pps) after the power lost to the elec-
trodes reaches a steady state. Due to the substantial heat capacity of these
electrodes, it takes approximately 10 to 15 minutes for the establishment of
the steady state in the present experiment. At the steady state, the coolant
-68-
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mass flow and the coolant temperature rise together with the plasma current
and voltage are measured. The heat being carried away by the calorimetric
fluid is
qc= «v sc* Ut)c (22)
where mc is the coolant mass flow rate, ( A t ) c is the corresponding tempera-
ture rise and s represents the specific heat of the calorimetric fluid. Strictly
speaking, the quantity qc is related to the heat loss through the electrodes,
qloss, by a factor A such that
The magnitude of A depends on the passage of the heat to the coolant and
may or may not be exactly 1.
The heat transfer to the coolant from the anode is sensed by a loop of
1/4" water pipe attached on the anode back-surface as shown in Figure 45.
It is not possible to make the coolant path an integral part of the anode be-
cause the anode plate is thin. In case of the cathode, the coolant path is
completely wrapped around by the cathode and very little heat can escape
without passing through the coolant.
Because of the limitation associated with the anode coolant path, it
was considered necessary to conduct calibration tests to determine the
value of X . This was done by attaching heating elements on the tip of
the anode and compare the measured heat transfer rate through coolant
flow, q , against the known heat input at the anode tip. The averaged value
of ^ for the anode is thus determined to be 0. 84. The values of anode loss
tabulated in Table 8 are obtained taking into consideration of this factor
In Figure 4:4, the fractional electrode losses are plotted against the
parameter J^/m for argon. It can be seen that the fractional cathode loss
decreases as J /m is increased, b«it, the fractional anode loss decreases
and then increases as j2/rh is increased. The anode loss is higher than
the cathode loss at moderately high values of j2/m. At lower values of
J /m, the trend is not too obvious because of the large scatter in the mea-
sured data. Curves (solid lines) are drawn as a fit to the data to better
show the trends. The accuracy of the calorimetric test is poor for the low
energy thruster operations because the S/N ratio is low.
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The total fractional loss shows substantial decrease as J /m increases,
and then the trend is slightly reversed. It is interesting to note that the sum-
mation of the cathode and the anode fractional losses is minimum in the vic-
inity of the critical point. Under usual pulsed MPD thruster operating condi-
tions, then, one would estimate the total electrodes loss to be approximately
40 - 50% of the energy input across the electrodes.
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IX. CONCLUSIONS AND RECOMMENDATIONS
The experimental results and the pertaining discussions presented in
the preceding sections provide basic information concerning the perfor-
mance of a pulsed quasi-steady MPD thruster and its associated subsys-
tems. The data obtained from the Doppler velocity measurements and the
inertial table tests are consistent within the accuracy of the experiments
and, the analyses of these data lead to the following comments:
(1) The parameter ( J / r t i ) is an important parameter character-
izing the performance of the MPD thruster. Above a certain
value of (j2/rn), the thruster operation becomes increasingly
unstable and erratic and the credibility of the corresponding
MPD thruster performance is greatly reduced,
(2) Operating at a very low value of J^/m, on the other hand,
will result in low specific impulse and efficiency. The
propellant is only partially ionized and the thrust produc-
tion from self -magnetic MPD interaction will be incomplete.
(3) The critical value of (J^/rn) is dependent on the thruster
geometry and on the properties of the propellant.
(4) The specific impulse of the thruster is proportional to
(J^/m) regardless of the individual values of J or m. The
constant of proportionality b is a function of electrode geo-
metry only and is fairly insensitive to both propellant flow
rate and propellant molecular weight.
(5) For a given thruster electrode configuration operating at
a fixed value of (J /m), the thruster efficiency is inversely
proportional to the plasma impedance. Consequently, higher
thruster efficiency is obtained for higher flow rate at fixed
(J /m) operation. For fixed thruster geometry, the effici-
ency tends to increase with (J^/m), but, the maximum cred-
ible value of efficiency is limited by the critical value of
(J2/m).
(6) There are some indications that the plasma impedance will
be affected by the electrode geometry. While the effect of
geometry is studied in the present program mostly by chang-
ing the size of electrodes (d>\ & dc), more extensive experi-
mental study to reveal the effects of the variations of: the
axial electrode separation distance, the axial contour of pro-
pellant flow path, etc, will be necessary. This information
will be useful for the thruster performance optimization in
the system design.
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(7) Better thruster performance in terms of higher efficiency
and specific impulse is expected for lighter propellant.
(8) The commercially available solenoid valve for propellant
feed control is able to sustain a prolonged usage of up to
2 x 10 pulses. With some simple modifications, the life
of the solenoid valve can be extended substantially. How-
ever, the usage of a gas feed valve is considered rather
disadvantageotas from the weight and volume minimization
point of view. Moreover, due to a limit on the time res-
ponse of the valve, it appears quite difficult to reduce the
pulse duration of the thruster to less than a millisecond
level. This puts the MPD thruster into the class of high
power thrusters and makes it less attractive for the space
flight missions scheduled for the near future. For a quasi-
steady MPD thruster of one millipound-sec. average impulse
bit level, a multicapillary hollow cathode liquid propellant
feed system may be used to our advantage. It is believed
that this new modification in feed system together with the
corresponding redesign in input power waveform will make
the pulsed MPD thruster more competetive for the space
mission applications contemplated in the near future.
(9) In order to bring the status of the pulsed MPD thruster to
a more attractive level with respect to actual space opera-
tion in near future, the thruster must be designed to operate
at an input energy level of 50 to 100 Joule/pulse. This value
is much lower than the operating condition (approximately
1800 Joules/pulse at the critical point for the argon flow of
5. 6 gm/sec and the pulse width of 2 milliseconds) of the
present study, and it is necessary to change the input cur-
rent waveform from the present one to achieve this low
energy operation. From the performance point of view,
the low energy operation must be secured by shortening
the current pulse duration rather than by decreasing the
magnitude of the current itself. Thus, the actual pulse
width must be reduced to a range of 20 to 80 /* sec, from
the present millisecond range. The data for thruster per-
formance characteristics of this extra short pulse range is
not available and some future tests will be most useful. For
the system design purpose one would like to examine if the
shorter pulse operation will support the same performance
characteristics as found in the present study.
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(10) Results from the electrode calorimetry measurements have
shown that electrode losses account for about 40 to 50% of
the electrical power input when the thruster is operated in
the vicinity of 1200 watts averaged power with pulse dura-
tions of 1. 5 milliseconds.
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Pig. 5 - Overlay of Reproducible Propellent
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1.1 gm/sec, Argon.
Fig. 6 - Overlay of Reproducible Propellant
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Fig. 7 - Overlay of Reproducible Propellant
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5.6 gin/sec, Argon.
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TABLE 4
Instantaneous Performance Characteristics.
Quasi-Steady MPD,2rA = 3 in.,2rc = 3/4 in.,
b = 0.189 nt/(kA) s =41 .7 mlb/(kA)3 .
Propellant: Helium
m
g-sec -1
.67
1.54
4.1
J
kA
4
6
8
10
11
12
14
4
6
8
10
11
12
14
16
18
20
22
24
6
8
10
12
14
16
18
19
20
22
24
26
28
30
V
volts
50
70
90
110
142
175
255
57
70
85
98
105
123
158
195
232
268
306
342
82
94
105
117
130
141
152
160
170
204
235
265
285
325
JV
kw
200
420
720
1100
1560
2100
3570
228
420
680
980
1160
1480
2210
3120
4180
5360
6730
8200
490
752
1050
1400
1820
2260
2740
3040
3400
4490
5640
6890
8260
9750
(I )g
sec
230
170
115
90
60
30
0
230
210
190
160
130
115
100
80
60
40
20
0
215
200
185
170
155
140
125
120
115
100
80
60
40
0
I
sec
680
1190
1920
2910
3470
4090
5530
430
650
980
1390
1620
1880
2510
3220
4040
4950
5960
7070
380
500
650
830
1060
1320
1620
1780
1960
2330
2740
3180
3650
4150
e
%
7.8
11
17
26
26
27
29
6.1
7.8
11
15
17
18
22
26
30
35
41
47
6.0
6.7
8.1
10
13
16
20
21
23
25
27
30
33
36
J2/m
(kA)Vg-sec-1
29
54
96
150
181
215
293
10
23
42
65
79
94
127
166
210
260
314
374
9
16
24
35
48
62
79
80
98
118
140
165
191
220
A-
TABLE 5
Instantaneous Performance Characteristics.
Quasi-Steady MPD, 2rA = 3 in.,2rc = 3/4 in.,
b = 0.189 nt/(kA)2 = 41.7 mlb/(kA)2.
Propellant: Neon
m j
g-sec"1 kA
1.6 4
6
8
9
10
12
14
16
18
20
4.0 4
6
8
10
12
14
15
16
18
20
22
24
26
8.5 6
8
10
12
14
16
18
19
20
22
24
26
28
30
32
V
volts
32
42
53
62
83
120
162
202
242
282
33
39
45
52
58
65
75
97
140
180
222
264
308
32
38
44
49
55
61
67
70
80
112
143
177
210
243
275
JV
kw
130
250
420
560
830
1440
2270
3230
4360
5640
130
230
360
520
700
910
1130
1550
2520
3600
4880
6340
8000
190
300
440
590
770
980
1210
1330
1600
2460
3430
4600
5880
7290
8800
Usp)g
sec
60
55
50
45
40
35
30
25
15
0
60
55
50
45
40
35
30
25
20
15
10
5
0
60
55
50
45
40
35
30
25
20
15
10
5
0
0
0
Isp
sec
250
480
810
1000
1220
1740
2350
3050
3840
4730
140
230
350
520
720
960
1090
1230
1550
1900
2300
2730
3190
140
200
270
370
480
600
750
830
910
1090
1290
1510
1740
2000
2280
e
%
3.9
7.3
12
14
14
17
19
23
27
32
2.8
4.3
6.9
10
15
20
21
20
19
20
22
23
25
4.3
5.4
7.2
9.6
12
16
20
22
22
21
21
21
22
23
25
J2/m
(kA)Vg-sec-1
10
23
40
51
63
90
123
160
202
250
;
4
9
16
25
36
49
56
64
81
100
121
144
169
4
8
12
17
23
30
38
42
47
57
68
80
92
106
120
A-145
TABLE 6
Instantaneous performance Characteristics.
Quasi-Steady MPD,2r^ = 3 in.,2rc = 3/4 in.,
b = 0.189 nt/(kA)2 = 41.7 mlb/(kA)s.
Propellant: Argon
m
1.1
2.2
5.6
J
kA
2
4
6
7
8
9
10
12
14
16
18
20
6
8
9
10
11
12
14
16
18
20
4
6
8
10
12
14
15
16
17
18
20
22
24
26
V
volts
28
35
40
43
60
78
92
120
150
180
210
237
38
40
42
54
72
90
127
164
200
235
32
37
44
50
56
62
65
72
83
95
120
142
165
192
JV
kw
60
140
240
300
480
700
920
1440
2100
2880
3780
4740
230
320
380
540
790
1080
1780
2620
3600
4700
130
220
350
500
670
870
980
1150
1410
1710
2400
3120
3960
4990
dsp)g
sec
90
80
70
60
50
40
30
20
10
0
0
0
90
80
70
60
50
40
30
20
10
0
90
80
80
70
70
60
50
40
30
20
10
0
0
0
Isp
sec
160
350
690
900
1150
1430
1750
2490
3380
4400
5570
6870
400
630
770
920
1090
1280
1710
2220
2790
3440
140
200
300
410
560
720
810
900
1000
1110
1360
1630
1940
2280
e
%
2.5
4.9
11
15
15
16
18
24
30
37
45
55
7.7
14
17
17
16
17
18
21
24
28
4.5
5.1
7.0
9.3
13
17
19
20
20
20
22
24
27
29
J3/m
(kA) Vg-sec-1
4
15
33
45
58
74
91
130
180
233
295
364
16
29
37
45
55
65
89
116
147
182
3
6
11
18
26
35
40
46
52
58
71
86
103
121
A-146
TABLE 6 (Cont'd)
m j
g-sec"1 kA
12.0 6
8
10
12
14
16
18
20
22
23
24
26
28
30
32
V
volts
35
38
42
46
50
54
57
62
65
67
77
110
143
175
210
JV
kw
210
300
420
550
700
860
1030
1240
1430
1540
1850
2860
4000
5250
6720
(Isp)g
sec
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
Zsp
sec
150
190
240
300
380
470
570
690
810
880
950
1100
1260
1440
1630 .
e
%
6.1
6.8
8.1
9.9
12
15
19
23
28
30
29
25
24
24
24
J8/m
(kA) Vg-sec-1
3
5
8
12
16
21
27
33
40
44
48
56
65
75
85
A-14?
TABLE 7
Instantaneous Performance Characteristics.
Quasi-Steady MPD,2rA = 3 in.,2rc = 3/4 in.,
b = 0.189 nt/(kA) s = 41.7 mlb/(kA) s .
Propellant: Krypton
m j
g-sec~l kA
3.3 4
6
8
10
11
12
14
16
18
20
8.6 4
6
8
10
12
14
16
17
18
20
22
24
18.0 6
8
10
12
14
16
18
20
22
24
25
26
28
V
volts
35
42
48
54
60
80
120
162
203
244
31
36
41
47
53
58
63
66
80
105
133
161
33
38
43
48
53
57
62
66
70
75
92
128
200
JV
kw
140
250
380
540
660
960
1680
2590
3650
4880
120
220
330
470
640
810
1010
1120
1440
2100
2930
3860
200
300
430
580
740
910
1120
1320
1540
1800
2300
3330
5600
(Is )
sec
50
45
40
35
30
25
20
15
10
5
50
50
45
45
40
35
30
25
20
15
10
5
50
45
45
40
40
35
35
30
25
20
15
10
5
Isp
sec
140
250
410
610
720
850
1140
1480
1870
2300
85
130
190
260
360
470
590
660
730
890
1070
1270
90
110
150
190
250
300
375
450
530
620
670
720
830
e
%
2.4
4.1
7.1
11
13
12
13
14
16
18
2.5
3.3
4.5
6.4
8.6
11
15
17
16
16
17
18
3.5
3.7
4.7
5.7
7.3
9.1
11
14
17
20
18
14
11
J2/m
(kA)3/g-sec~1
5
11
19
30
37
44
59
76
98
121
2
4
7
12
17
23
30
34
38
47
56
67
2
4
6
8
11
14
18
22
27
32
35
38
44
A-148
TABLE 8
Instantaneous Performance Characteristics.
Quasi-Steady MPD,2r^ = 3 in.,2r^ = 3/4 in.,
b = 0.189 nt/(kA)2 =41.7 mlb/(kA)2.
Propellant: Xenon
m
4.1
10.4
22.3
J
kA
4
6
8
10
12
13
14
16
18
20
4
6
8
10
12
14
16
18
19
20
21
22
24
6
8
10
12
14
16
18
20
22
23
24
26
28
30
32
V
volts
25
32
39
46
52
72
95
142
187
233
26
32
38
44
50
56
61
68
71
81
112
144
205
35
40
45
50
55
60
64
70
74
82
95
122
148
176
203
JV
kw
100
192
312
460
624
936
1330
2270
3370
4660
100
190
300
440
600
780
980
1220
1350
1620
2350
3170
4920
210
320
450
600
770
960
1150
1400
1630
1890
2280
3170
4140
5280
6500
(Igp)g
sec
45
40
35
30
25
20
15
10
5
0
45
40
35
30
25
20
20
15
15
10
10
5
0
45
40
40
35
35
30
30
25
25
20
15
10
5
0
0
Isp
sec
120
210
330
490
690
800
920
1190
1500
1840
70
110
150
210
290
380
490
600
670
740
810
880
1050
80
90
120
160
200
250
300
360
440
470
500
580
670
760
870
e
%
2.9
4.5
7.2
11
16
14
13
13
14
15
2.7
3.0
3.9
5.3
7.1
9.4
13
15
17
17
15
13
12
3.0
3.1
3.9
4.6
5.9
7.1
9.0
11
13
13
12
12
12
12
13
J2/m
(kA) Vg-sec-1
4
9
16
24
35
41
48
62
79
98
2
3
6
10
14
19
25
31
35
38
42
47
55
2
3
4
6
9
11
15
18
22
24
26
30
35
40
46
A-149
TABLE 9
Instantaneous Performance Characteristics.
Quasi-Steady MPD, 2rA = 2 in., 2rc = 1/2 in.,
b = 0.189 nt/(kA)2 = 41.7 mlb/(kA)2.
Propellant: Argon
m j
g-sec"! kA
1.1 2
4
6
7
8
9
10
12
14
16
2.2 4
6
8
9
10
11
12
14
16
18
5.6 4
6
8
10
12
14
16
17
18
19
20
22
24
V
volts
25
37
54
60
66
82
105
157
207
258
32
42
52
57
63
75
103
157
207
257
34
38
45
50
55
61
68
70
73
103
133
192
250
JV
kw
50
150
320
420
530
740
1050
1880
2900
4130
130
250
420
510
630
830
1240
2200
3310
4630
140
230
360
500
660
850
1090
1190
1310
1960
2660
4220
6000
(Isp)g
sec
50
40
30
20
10
0
0
0
0
0
35
30
25
20
15
10
5
0
0
0
70
65
60
55
50
45
40
30
20
10
0
0
0
Isp
sec
120
310
650
860
1110
1390
1720
2470
3370
4400
170
340
570
720
870
1050
1240
1680
2200
2780
120
190
280
390
540
710
900
1000
1110
1230
1350
1630
1940
e
%
1.6
3.7
7.1
9.7
13
14
16
18
21
26
2.6
5.0
8.7
11
13
15
14
14
16
18
3.2
4.3
5.9
8.6
12
16
21
24
26
22
19
18
18
J2/m
(kA) Vg-sec"1
4
14
33
45
58
74
91
131
178
233
7
16
29
37
45
55
65
89
116
147
3
6
11
18
26
35
46
52
58
64
71
86
103
A-150
TABLE 9 (Cont'd)
m
12.0
J
kA
6
8
10
12
14
16
18
20
22
23
24
25
26
28
30
32
34
V
volts
40
45
50
56
60
66
72
78
83
86
88
91
106
132
158
185
213
JV
kw
240
360
500
670
840
1060
1300
1560
1830
1980
2140
2280
2760
3700
4740
5920
7240
' SD' a°f y
sec
70
65
60
55
50
45
40
35
30
25
20
15
10
5
0
0
0
^sp
sec
130
170
220
280
360
450
550
670
790
860
930
1000
1070
1240
1420
1610
1820
e
%
4.0
4.6
5.7
7.1
9.2
11
14
17
21
22
24
26
25
25
25
26
27
J2/m
(kA)3/g-sec-1
3
5
8
12
16
21
27
33
40
44
48
52
56
65
75
85
96
A-151
TABLE 10
Instantaneous Performance Characteristics.
Quasi-Steady MPD, 2rA =2 in.; 2rc = 3/4 in,
b = 0.148 nt/(kA)3 =32.7 mlb/(kA)s.
Propellant: Argon
m J
g-sec"-^ kA
1.1 4
6
8
9
10
11
12
14
16
18
2.2 4
6
8
9
10
11
12
14
16
18
20
22
5.6 4
6
8
10
12
14
16
18
19
20
21
22
24
26
28
V
volts
25
40
55
62
68
90
112
160
207
256
40
46
52
55
60
66
83
120
155
193
230
266
30
35
42
48
53
58
65
69
73
90
112
132
175
215
258
JV
kw
100
240
440
560
680
990
1340
2240
3310
4610
160
280
420
500
600
730
1000
1680
2480
3470
4600
5850
120
210
340
480
640
810
1040
1240
1390
1800
2350
2900
4200
5590
7220
(ISp)g
sec
10
10
10
10
10
5
5
5
5
5
55
50
45
40
35
30
25
20
15
10
5
0
75
70
65
60
55
50
45
40
35
30
25
20
15
10
5
Isp
sec
230
500
880
1100
1360
1640
1950
2660
3470
4390
160
290
480
590
710
850
1000
1350
1750
2200
2710
3280
120
170
240
330
440
570
730
900
1000
1090
1200
1300
1550
1810
2090
e
%
2.8
5.7
9.6
12
15
15
16
17
20
23
1.8
3.4
6.0
7.7
9.3
11
11
12
14
15
18
20
3.2
3.7
4.6
6.2
8.5
11
14
18
20
19
17
16
16
16
17
J3/m
(kA)2/g-sec'
15
33
58
74
91
110
131
178
233
294
7
16
29
37
45
55
65
89
116
147
182
220
3
6
11
18
26
35
46
58
64
71
79
86
103
121
140
-1
A-152
TABLE lO(Cont'd)
m J
g-sec-1 kA
12.0 4
6
8
10
12
14
16
18
20
22
24
26
28
29
30
31
32
34
36
38
V
volts
40
43
46
49
52
55
58
61
64
67
70
72
75
77
90
105
120
150
180
212
JV
kw
160
260
370
490
620
770
930
1100
1280
1470
1680
1870
2100
2230
2700
3260
3840
5100
6480
8060
(IsP>g
sec
40
40
35
35
30
30
25
25
20
20
15
15
10
10
5
5
0
0
0
0
*sp
sec
60
80
110
160
210
270
340
430
520
620
730
850
980
1050
1120
1200
1270
1440
1610
1790
e
%
1.3
1.7
2.1
3.1
4.2
5.8
7.6
10
13
16
19
23
28
30
28
26
25
24
24
24
J2/m
(kA)Vg-sec-1
1
3
5
8
12
16
21
27
33
40
48
56
65
70
75
80
85
96
108
120
A-153
TABLE 11
Instantaneous Performance Characteristics.
Quasi-Steady MPD, 2rA = 2 in., 2rc = 5/4 in.,
b = 0.097 nt/(kA)3 = 21.3 mlb/(kA)s.
Propellant: Argon
m
1.1
2.2
J
kA
6
8
10
11
12
13
14
16
18
20
22
24
26
28
6
8
10
12
14
16
17
18
19
20
22
24
26
28
V
volts
35
45
54
58
62
70
80
100
117
135
155
172
190
210
35
43
52
60
67
75
80
90
100
110
132
153
175
197
JV
kw
210
360
540
640
740
910
1120
1600
2110
2700
3410
4130
4940
5880
210
340
520
720
940
1200
1360
1620
1900
2200
2900
3670
4550
5520
(Igp)g
sec
40
40
30
30
20
20
10
10
0
0
0
0
0
0
70
70
60
60
50
50
40
40
30
30
20
20
10
0
Isp
sec
360
604
910
1100
1290
1510
1740
2270
2860
3530
4270
5080
5960
6910
230
350
500
690
910
1180
1310
1470
1620
1790
2150
2560
2990
3460
e
%
3.3
5.6
8.5
10
12
14
15
18
21
25
29
34
40
45
2.7
4.0
5.3
7.4
9.8
13
14
15
15
16
18
20
22
24
J2/m
(kA)2/g-sec-1
32
58
91
110
131
154
178
233
295
364
440
524
614
713
16
29
45
65
89
116
131
147
164
182
220
262
307
350
A-154
TABLE 11(Cont'd)
m j
g-sec"1 kA
5.6 6
8
10
12
14
16
18
20
22
24
25
26
27
28
30
32
34
36
12.0 6
8
10
12
14
16
18
20
22
24
26
28
30
32
34
36
38
40
42
44
V
volts
35
40
45
50
55
59
64
68
72
76
78
88
100
112
132
153
176
196
37
40
44
48
52
56
60
64
68
72
76
79
84
89
93
98
103
110
150
180
JV
kw
210
320
450
600
770
940
1150
1360
1580
1820
1950
2290
2700
3140
3960
4900
5980
7060
220
320
440
580
730
900
1080
1280
1500
1730
1980
2210
2520
2850
3160
3530
3910
4400
6300
7920
* sp' g
sec
60
55
50
50
45
40
40
35
30
30
25
20
15
10
5
0
0
0
115
110
105
100
95
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
-"•sp
sec
120
170
220
300
380
480
600
730
870
1030
1110
1190
1280
1370
1560
1770
2000
2240
140
160
190
220
250
300
350
400
470
540
610
690
780
880
980
1090
1200
1320
1430
1560
e
°/o
2.0
2.4
3.1
4.2
5.4
6.9
8.8
11
13
16
18
17
17
17
17
18
19
20
5.6
4.9
4.7
4.9
5.3
5.9
6.7
7.6
8.7
10
11
13
15
16
18
20
22
24
19
19
J /m
(kA)2/g-sec
6
11
18
26
35
46
58
71
86
103
112
121
130
140
161
183
206
231
3
5
8
12
16
21
27
33
40
48
56
65
75
85
96
108
120
133
147
161
-1
A-155
ih
1.1
2.2
5.6
TABLE 12
Instantaneous Performance Characteristics.
Quasi-Steady MPD, 2rA = 3 in., 2rc = 3/4 in.,
b = 0.189 nt/(kA)2 =41 .7 mlb/CkA)3 .
Propellant: Argon
j
kA
2
4
6
7
8
9
10
12
14
16
18
20
6
8
9
10
11
12
14
16
18
20
4
6
8
10
12
14
15
16
17
18
20
22
24
26
V
volts
28
35
40
43
60
78
92
120
150
180
210
237
38
40
42
54
72
90
127
164
200
235
32
37
44
50
56
62
65
72
83
95
120
142
165
192
JV
kw
60
140
240
300
480
700
920
1440
2100
2880
3780
4740
230
320
380
540
790
1080
1780
2620
3600
4700
130
220
350
500
670
870
980
1150
1410
1710
2400
3120
3960
4990
(Isp)g
sec
90
80
70
60
50
40
30
20
10
0
0
0
90
80
70
60
50
40
30
20
10
0
90
80
80
70
70
60
50
40
30
20
10
0
0
0
Isp
sec
160
350
690
900
1150
1430
1750
2490
3380
4400
5570
6870
400
630
770
920
1090
1280
1710
2220
2790
3440
140
200
300
410
560
720
810
900
1000
1110
1360
1630
1940
2280
e
%
2.5
4.9
11
15
15
16
18
24
30
•37
45
55
7.7
14
17
17
16
17
18
21
24
28
4.5
5.1
7.0
9.3
13
17
19
20
20
20
22
24
27
29
J*/m
(kA) Vg-sec-1
4
15
33
45
58
74
91
130
180
233
295
364.
16
29
37
45
55
65
89
116
147
182
3
6
11
18
26
35
40
46
52
58
71
86
103
121
A-156
TABLE !2(Cont'd)
ra
12.0
J
kA
6
8
10
12
14
16
18
20
22
23
24
26
28
30
32
V
volts
35
38
42
46
50
54
57
62
65
67
77
110
143
175
210
JV
kw
210
300
420
550
700
860
1030
1240
1430
1540
1850
2860
4000
5250
6720
dsp)g
sec
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
Jsp
sec
150
190
240
300
380
470
570
690
810
880
950
1100
1260
1440
1630
e
%
6.1
6.8
8.1
9.9
12
15
19
23
28
30
29
25
24
24
24
J2/m
(kA) Vg-sec'1
3
5
8
12
16
21
27
33
40
44
48
56
65
75
85
A-157
TABLE 13
Instantaneous Performance Characteristics.
Quasi-Steady MPD, 2rA = 4 in., 2rc = 1/2 in.
b = 0.258 nt/(kA)2 = 5 6 . 9 mlb/(kA)8.
Propellant: Argon
m j
g-sec"1 kA
1.1 2
4
5
6
7
8
10
2.2 4
6
7
8
9
10
12
14
16
5.6 2
4
6
8
10
11
12
13
14
16
12.0 4
6
8
10
12
14
15
16
17
18
20
22
24
26
V
volts
30
40
55
77
110
135
197
40
57
65
73
90
115
165
217
268
25
35
45
55
65
70
87
145
195
285
30
36
43
48
55
60
75
105
137
164
225
285
335
390
JV
kw
60
160
280
460
770
1080
1970
160
340
460
580
810
1150
1980
3040
4290
50
140
210
440
650
770
1040
1890
2730
4560
120
220
340
480
660
840
1130
1680
2330
2950
4500
6270
8040
10040
(Igp)g
sec
120
100
80
60
40
20
0
65
60
55
50
40
30
20
10
0
100
90
80
70
60
50
40
30
20
10
120
110
100
90
80
70
60
50
30
10
0
0
0
0
Isp
sec
.210
480
670
900
1190
1520
2350
210
480
630
800
990
1200
1710
2310
3000
120
160
250
360
520
610
700
810
920
1190
150
190
240
310
390
490
540
600
650
710
860
1040
1240
1450
e
%
4.2
7.8
8.9
9.7
10
12
15
3.0
7.5
9.6
12
13
14
16
19
23
7.9
5.4
8.1
8.5
12
13
13
10
9
9
12
10
10
12
14
17
16
13
11
10
10
10
11
12
J3/m
(kA) Vg-sec-1
4
15
23
33
45
58
91
7
16
22
29
37
45
65
89
116
1
3
6
11
18
22
26
30
35
46
1
3
5
8
12
16
19
21
24
27
33
40
48
56
A-158
TABLE 14
Instantaneous Performance Characteristics.
Quasi-Steady MPD, 2rA = 4 in., 2rc = 3/4 in.,
b = 0.217 nt/(kA)3 = 47.8 mlb/(*A)3.
Propellant: Argon
m j
g o^^ /"* ^ T^Aw w^» J^ fl
1.1 2
4
6
7
8
10
11
2.2 2
4
6
8
9
10
12
14
5.6 2
4
6
8
10
11
12
13
14
16
18
20
12.0 2
4
6
8
10
12
14
16
17
18
20
22
24
V
volts
32
46
63
72
97
160
187
30
40
50
61
70
94
140
185
20
27
35
43
50
54
57
77
98
140
185
230
30
35
38
43
48
53
57
62
73
95
147
196
245
JV
kw
60
180
380
500
780
1600
2060
60
160
300
490
630
940
1680
2590
40
110
210
340
500
590
680
1000
1370
2240
3330
4600
60
140
228
340
480
640
800
990
1240
1710
2940
4310
5880
(Isp)g
sec
80
60
40
20
10
0
0
80
70
60
50
40
30
20
10
80
70
60
50
40
30
20
10
0
0
0
0
90
85
80
75
70
65
60
55
50
40
30
20
10
A-159
Jsp
sec
160
380
750
990
1270
1970
2390
120
230
420
680
840
1020
1440
1940
100
130
200
300
430
500
580
660
760
990
1260
1550
100
110
150
190
250
330
410
520
570
630
750
900
1050
e
2.2
4.2
8.2
11
11
13
15
2.6
3.6
6.3
10
12
12
14
16
6.3
4.5
5.3
7.2
10
12
14
12
12
12
13
15
9.5
5.6
5.6
6.3
7.8
10
13
16
16
14
12
11
11
J3/m
(kA) Vg-sec'1
4
15
33
45
58
91
110
2
7
16
29
37
45
65
89
1
3
6
11
18
22
26
30
35
46
58
71
.33
1
3
5
8
12
16
21
24
27
33
40
48
TABLE 15
Instantaneous Performance Characteristics.
Quasi-Steady MPD, 2rA = 4 in., 2rc = 5/4 in.,
b = 0.166 nt/(kA)3 = 36.6 mlb/(kA)3.
Propellant: Argon
m j
g-sec kA
1.1 2
4
6
7
8
10
12
14
16
18
2.2 4
6
8
9
10
12
14
16
18
20
5.6 4
6
8
10
12
14
15
16
18
20
22
24
V
volts
25
35
44
55
72
112
147
186
223
262
32
37
44
54
75
110
145
180
215
250
32
36
40
45
51
55
57
77
122
163
205
246
JV
kw
50
140
260
390
580
1120
1760
2600
3570
4720
130
220
350
490
750
1320
2030
2880
3870
5000
130
220
320
450
610
770
860
1230
2200
3260
4510
5900
sec
35
30
25
20
15
10
5
5
5
5
50
45
40
35
30
25
20
15
10
5
60
55
50
45
40
35
30
25
20
15
10
5
Isp
sec
100
270
570
760
980
1520
2180
2960
3860
4890
170
320
520
650
780
1110
1500
1950
2450
3020
110
160
240
340
470
620
700
780
980
1200
1440
1710
e
1.0
2.9
6.7
8.2
9.2
11
15
18
23
28
2.5
5.0
8.5
9.5
9.0
10
12
14
17
20
2.5
3.4
5.0
7.2
10
14
16
14
12
12
13
14
J3/m
(kA) Vg-sec-1
4
14
33
45
58
91
131
178
233
295
7
16
29
37
45
65
89
116
147
182
3
6
11
18
26
35
40
46
58
71
86
103
A-160
TABLE 15 (Cont'd)
m J
g-sec"1 kA
12.0 4
6
8
10
12
14
16
18
20
21
22
24
26
28
30
V
volts
30
34
38
43
48
53
57
62
66
72
90
125
162
195
232
JV
kw
120
200
300
430
580
740
910
1120
1320
1510
1980
3000
4210
5460
6960
sec
65
60
55
50
45
40
35
30
25
20
15
10
5
0
0
sec
90
110
140
190
240
310
390
480
580
630
680
810
940
1080
1250
e
3.8
3.5
4.1
4.9
6.2
7.8
10
12
15
16
14
13
13
13
13
J2/m
(kA) Vg-sec"1
1
3
5
8
12
16
21
27
33
37
40
48
56
65
75
A-l6l
TABLE 16
Instantaneous Performance Characteristics.
Quasi-Steady MPD, 2rA = 3 in., 2rr = 3/4 in.,
b = 0.189 nt/(kA)2 = 41.7 mlb/(kAy2.
Propellant: Nitrogen
m
g-sec
Q.9
-1
1.8
4.7
10.0
J
kA
2
4
6
8
10
12
14
16
2
4
6
8
10
12
14
16
18
20
22
4
6
8
10
12
14
16
18
20
22
24
26
6
8
10
12
14
16
18
20
22
24
26
V
volts
49
57
65
78
97
127
172
237
73
76
80
85
92
105
123
143
167
192
220
98
104
110
115
120
126
132
138
142
149
174
200
122
125
130
134
138
142
146
149
153
158
162
JV
lew
98
228
390
624
970
' 1524
2408
3792
146
304
480
680
920
1260
1722
2288
3006
3840
4840
392
624
880
1150
1440
1764
2112
2484
2840
3278
4176
5200
732
1000
130016081932
2272
2628
2980
3366
3792
4212
j-spyg
sec
60
55
50
40
35
25
20
15
60
55
50
40
35
30
20
20
15
10
5
50
45
35
30
25
20
20
20
15
10
10
5
40
35
30
25
20
20
20
15
10
10
5
^-sp
sec
144
391
806
1384
2135
3049
4136
5391
102
223
428
712
1085
1542
2078
2708
3417
4210
5087
114
190
292
432
604
808
1049
1323
1624
1956
2326
2723
108
156
219
297
390
504
632
771
925
1099
1283
c
%
1.0
3-0
7-5
13-8
21.1
27.5
32.0
34.5
0.6
1.5
3.4
6.7
11.5
17-0
22.6
28.8
35-0
41.5
48.1
0.8
1.4
2.3
3.8
6.0
8.7
12.3
16.6
21.8
27.4
30.5
33-5
0.8
1.2
1.8
2.7
3-9
5.6
7.6
10.0
12.715.9
19.5
u -/ in
(kA)2/g-sec
4.4
17-7
40.0
71.1
111
160
218
284
2. '2
8.9
20.0
35-6
55-6
80.0
109
142
180
222
269
3-47.713.6
21.3
30.6
4l.7
54.5
68.9
85.1
103
123
144
3.6
6.4
10.0
14.4
19.6
25.6
32.4
4o.o
48.4
57-6
67.6
-1
A-162
ih
g-sec-1
3.3
8.3
17.8
TABLE 17
Instantaneous Performance Characteristics.
Quasi-Steady MPD. 2rA = 3 in., 2rc = 3/4 in.,
ID = 0.189 nt/(kA)2 = 41.7 mlb/(kA)2.
Propellant: Freon 14
J
kA
2
4
6
8
10
12
14
16
18
20
22
8
10
12
14
16
18-
20
22
24
26
8
10
12
14
16
18
20
22
24
V
volts
92
105
110
112
117
128
142
159
181
205
232
142
145
147
149
152
154
157
163
176
200
173
179
184
187
189
190
190
190
190
JV
kw
184
420
660
896
1170
1536
1988
2544
3258
4100
5104
1136
1450
1764
2086
2432
2772
3l4o
3586
4224
5200
1384
1790
22082618
3024
3420
3800
4l8o
4560
(I-J-v
 sp'g
sec
50
40
30
25
25
20
15
15
10
5
0
25
20
20
15
15
15
10
10
5 .
0
25
20
15
15
10
10
10
5
5
j
sp
sec
72.9
132
236
392
598
845
1138
1481
1866
2296
2772
170
248
348
461
598
753
921
1112
1317
1539
93.0
126
168
223
282
354
435
519
617
e
%
0.5
0.7
1.4
2.8
5-0
7.7
10.7
14.2
17.6
21.2
24.8
1.1
1.8
2.8
4.2
6.1
8.5
11.2
14. 3
17.0
18.9
0.6
0.8
l.l
1.7
2.3
3.3
4.4
5.7
7.4
J /&
O ~[(ka) /g-sec
1.2
4.8
10.9
19.4
30.3
43.6
59.4
77.6
98.2
121
147
7-7
12.0
17-3
23-6
30.8
39-0
48.2
58.3
69.4
81..4
3.6
5.6
8.1
11.0
14.4
18.2
22.5
27.2
32.4
A-163
DISTRIBUTION LIST
Addressee No.
Copies
NASA Langley Research Center
Hampton, VA 23365
Attn: Program Reports & Analysis Unit, Mail Stop 122 1
Raymond L. Zavasky, Mail Stop 110 1
James M. Hoell, Jr. , Mail Stop 160 10
NASA Ames Research Center
Moffett Field, CA 94035
Attn: Library, Mail Stop 202-3 1
NASA Flight Research Center
P. O. Box 273
Edwards, CA 93523
Attn: Library 1
Jet Propulsion Laboratory
4800 Oak Grove Drive
Pasadena, CA 91103
Attn: Library, Mail 111-113 1
.Dr. Noble M. Nerheim, Mail 122-123 1
NASA Manned Spacecraft Center
2101 Webster Seabrook Road
Houston, TX 77058
Attn: Library, Code JM6 1
NASA Marshall Space Flight Center
Huntsville, AL 35812
Attn: Library 1
Ernst Stuhlinger, AD-S 1
NASA Lewis Research Center
21000 Brookpark Road
Cleveland, OH 44135
Attn: Library, Mail Stop 60-3 1
Wolfgang E. Moeckel, Mail Stop 301-1 1
George R. Seikel, Mail Stop 301-1 1
NASA Goddard Space Flighi Center
Greenbelt, MD 20771
Attn: Library 1
William C. Is ley, Code 734 1
Addressee
John F. Kennedy Space Center
Kennedy Space Center, FL 32899
Attn: Library, Code IS-DOC-12L 1
National Aeronautics & Space Administration
Washington, DC 20546
Attn: KSS-10, Library 1
RPE/James Lazar 1
RPE/Jerome P. Mullin 1
RP/NASA Headquarters 1
Princeton University
Guggenheim Laboratories
James Forrestal Campus
Princeton, NJ 08540
Attn: Woldemar F. von Jaskowsky 1
TRW Systems Inc.
One Space Park
Redondo Beach, CA 90278
Attn: Dr. C. L. Dailey 1
Air Force Weapons Laboratory
Kirtland Air Force Base, NM 87417
Attn: WLPC/Capt. C. F. Ellis 1
Thermal Mechanical Research Laboratory
OAR USAF
Wright-Patterson Air Force Base, OH 45433
Attn: Eric Soehngen 1
General Electric Company
Missile & Space Division
Space Sciences Laboratory
P. O. Box 8555
Philadelphia, PA 19101 f
Attn: Dr. Thomas W. Karras 1
Los Alamos Scientific Laboratories
P. O. Box 1663
Los Alamos, NM 87544
Attn: Dr. Stratton 1
University of California, San Diego
LaJolla, CA 92037
Attn: Professor R. Lovberg 1
Addressee No.
C opie s
Research and Technology Division
Wright-Patter son Air Force Base, OH 45433
Attn: Efevid Fritts, AFAPL (APIE-1) 1
United States Air Force
Office of Scientific Research
Washington, DC 20025
Attn: M. Slawsky 1
Princeton University
Forrestal Research Center
Princeton, NJ 08540-
Attn: Dr. R. G. Jahn 1
Giannini Scientific Corporation
3839 South Main Street
Santa Ana, CA 92702
Attn: Adriano Ducati 1
NASA Scientific & Technical Information Facility
P. O. Box 33
College Park, MD 20740 10 plus reproducible
